Background Serum a-fetoprotein concentration (AFP) might be a useful addition to morphologic criteria for selecting patients with hepatocellular carcinoma (HCC) for liver transplantation (LT). The aim of this study was to evaluate the role of AFP in selecting HCC patients at minimal risk of posttransplant tumor recurrence in the setting of existing criteria. Methods This retrospective cohort study was based on 121 HCC patients after LT performed at a single institution. AFP was evaluated as a predictor of posttransplant tumor recurrence with respect to fulfillment of the Milan, University of California, San Francisco (UCSF), and Upto-7 criteria. Results There was a nearly linear association between AFP and the risk of HCC recurrence (p \ 0.001 for linear effect; p = 0.434 for nonlinear effect). AFP predicted HCC recurrence in patients (1) beyond the Milan criteria (p \ 0.001; optimal cutoff 200 ng/ml); (2) within the UCSF criteria (p = 0.001; optimal cutoff 100 ng/ml) and beyond them (p = 0.015; optimal cutoff 200 ng/ml); and (3) within the Up-to-7 criteria (p = 0.001; optimal cutoff 100 ng/ml) and beyond them (p = 0.023; optimal cutoff 100 ng/ml) but not in patients within the Milan criteria (p = 0.834). Patients within either UCSF and Up-to-7 criteria with AFP level \100 ng/ml exhibited superior (100 %) 5-year recurrence-free survival-significantly higher than those within UCSF (p = 0.005) or Upto-7 (p = 0.001) criteria with AFP levels higher than the estimated cutoffs or beyond with AFP levels less than the estimated cutoffs.
Introduction
Hepatocellular cancer (HCC) is the most frequent of the primary malignancies of the liver, ranked second and sixth on the list of the most common causes of tumor-related mortality worldwide in men and women, respectively [1] . Considering the unfavorable prognoses of untreated patients and only moderate response to chemotherapy [2, 3] , surgical treatment is of the utmost importance. Unfortunately, given that the majority of these tumors occur in cirrhotic livers, the use of liver resection is often limited by the presence of portal hypertension and poor hepatic function, as reflected by the guidelines of the Barcelona Clinic Liver Cancer Group [4] . In contrast, liver transplantation (LT) not only removes all macroscopic and microscopic hepatic tumors with almost no risk of positive oncologic margins, it cures the underlying cirrhosis.
Early experiences with LT for HCC were characterized by an unacceptably high risk of posttransplant tumor recurrence and its related high mortality rate [5] . This situation was due to a lack of specific selection criteria and performing LT often in patients with large and multifocal tumors. A new era began with adoption of the Milan criteria into clinical practice (single tumor B5 cm or two or three tumors B3 cm, with no evidence of extrahepatic metastases or macrovascular invasion) [6] . Based on the results of several observational studies, expansions of these restrictive criteria have been proposed. One criteria set is that of the University of California, San Francisco (UCSF) with criteria of a single tumor \6.5 cm or two or three tumors \4.5 cm, total tumor diameter \8 cm. Another criteria set is the Up-to-7 criteria (size of the largest tumor ? number of tumors B7) [7, 8] . Even though the conservative Milan criteria are still widely used for selecting patients with HCC to undergo LT, outcomes after LT for HCC remain inferior to those performed for benign indications [9, 10] . Because the inferior outcomes of HCC patients are mainly due to posttransplant tumor recurrence, the use of expansions of the Milan criteria that are already based solely on morphologic tumor characteristics would not eliminate these discrepancies. During this era of severe shortage of available organs and increasing demand for LT, there is general agreement in the transplant community that posttransplant outcomes of HCC patients should be similar to those undergoing transplantation for other indications [11] . Optimization of the existing selection criteria seems crucial to achieve this goal.
Historically, the serum a-fetoprotein (AFP) concentration was applied for HCC screening among high-risk groups and to establish the diagnosis. Considering its poor diagnostic features, it is no longer recommended in these clinical settings [12, 13] . Nevertheless, AFP is currently gaining an increasing role as a marker of biologic aggressiveness of tumors. Numerous studies confirmed the prognostic significance of preoperative AFP in both liver resection and LT [14] [15] [16] [17] [18] . However, there is no agreement as to the most appropriate cutoff for AFP when selecting HCC patients for LT [11] . The purpose of this study was to evaluate the exact role of AFP in selecting HCC patients at minimal risk of posttransplant tumor recurrence in the setting of the existing criteria.
Material and methods
A total of 1,115 LTs were performed in the Department of General, Transplant, and Liver Surgery at the Medical University of Warsaw between December 1994 and June 2012. Basing on the results of explant pathology, 121 HCC patients were included in this retrospective cohort study. Patients with combined hepatocellular/cholangiocellular cancer (n = 3), fibrolamellar HCC (n = 3), sarcomatous HCC (n = 1), or macroscopic vascular invasion (n = 6) were excluded. The ethics committee of the Medical University of Warsaw approved the study protocol. Details on the operative technique, postoperative immunosuppression, and follow-up visits were described previously [15, 19] .
The last available pretransplant AFP was collected (usually measured within 24 h preceding transplantation). Tumor recurrences at 3 and 5 years were set as primary and secondary end points of the study, respectively. They were used to calculate the corresponding recurrence-free survival rates (observations were censored at the time of the last follow-up or death caused by conditions other than tumor recurrence). In general, risk factors for HCC recurrence at 3 years were established in univariate analyses. Subsequently, the associations between AFP and hazard of recurrence were adjusted for the impact of potential confounders in a series of bivariate analyses. Establishment of the optimal cutoffs for AFP for predicting HCC recurrence at 3 years was based on truepositive (TP) and false-positive (FP) prediction rates derived from estimated 3-year recurrence-free survival rates of patients with AFP levels higher and lower than the following values: 10, 20, 35, 50, and 100-1000 ng/ml (at 100 ng/ml intervals). TP and FP rates were calculated using the following equations:
where a is the number of patients with AFP above the analyzed value at risk at the start of the observation period; u is the number of patients with AFP under the analyzed value at risk at the start of the observation period; RFSa is the estimated recurrence-free survival rate at 3 years for patients with AFP above the analyzed value; RFSu is the estimated recurrence-free survival rate at 3 years for patients with AFP under the analyzed value.
To the best of our knowledge, this novel methodologic approach allowed estimation of the optimal AFP cutoff values for predicting the 3-year recurrence rate even though the observation period was less than 3 years for some patients. For this reason, receiver operating characteristics curves were not used. Notably, the evaluation of the risk factors for HCC recurrence and AFP cutoffs was based on the first three posttransplant years when the vast majority of recurrent tumors are diagnosed [20] . Nevertheless, recurrence-free survivals of patients whose AFP levels were below and above the estimated AFP cutoffs were validated also within a time frame of five posttransplant years.
Data are presented as the median (range) for continuous variables and the number (%) for categoric variables. Associations between AFP and categoric and continuous variables were assessed with the Mann-Whitney U test and Spearman's correlation coefficient, respectively. Survival estimates were based on the Kaplan-Meier method. Survival curves were compared using a log-rank test. Cox's proportional hazards regression was used to evaluate risk factors for HCC recurrence in univariate and bivariate analyses. Linearity of the associations between AFP and recurrence hazard was assessed in general additive models and presented as spline functions. Hazard ratios (HRs) were presented with 95 % confidence intervals (95 % CI). The level of statistical significance was set at 0.05. All analyses were computed in SAS version 9.3 (SAS Institute, Cary, NC, USA) and S-Plus version 6.1 (TIBCO Software, Palo Alto, CA, USA).
Results
Baseline characteristics of the 121 patients included in the study cohort are shown in Table 1 . Median follow-up for the entire study cohort was 30 months. There was a positive correlation between AFP and the size of the largest tumor that verged on significance (p = 0.050) ( Table 2) . Significantly higher AFP was also noted in patients of female sex (p = 0.009), with hepatitis C virus-related cirrhosis (p = 0.010), without hepatitis B virus infection (p = 0.032), or with nonincidental tumors (p = 0.024) ( Table 3) . Although the associations between AFP and microvascular invasion (p = 0.252) or tumor differentiation (p = 0.775) did not reach the level of significance, the median AFP level was markedly higher for patients with microvascular invasion or poorly differentiated tumors.
AFP was a significant risk factor for tumor recurrence (p \ 0.001) in the univariate analyses (Table 4) . Among the remaining factors, the hazard of recurrence was significantly influenced by the size of the largest tumor (p \ 0.001), number of tumors (p = 0.017), total tumor volume (p = 0.001), tumors beyond the Milan criteria (p = 0.022) or the Up-to-7 criteria (p = 0.021), recipient age (p = 0.044), donor sex (p = 0.009), and conventional LT technique (p = 0.004). Controlled for each of the potential confounders considered in this study, AFP retained significance as a risk factor for posttransplant HCC recurrence in all of the bivariate models ( Table 5) . Tumors of higher diameter (p = 0.010), those beyond the Milan criteria (p = 0.044), and female sex of the donor More precisely, AFP predicted HCC recurrence in patients beyond (p \ 0.001) the Milan criteria, within (p = 0.001) or beyond (p = 0.015) the UCSF criteria, or within (p = 0.001) or beyond (p = 0.023) the Up-to-7 criteria-but not in patients within (p = 0.834) the Milan criteria (Table 6 ). Thus, AFP cutoffs were estimated for all of these groups except for the latter. Accordingly, the AFP cutoff was 100 ng/ml for patients within the UCSF criteria (TP = 100 %, FP = 24.2 %). The cutoff was the same for patients within (TP = 100 %, FP = 24.7 %) or beyond (TP = 63.4 %, FP = 15.6 %) the Up-to-7 criteria. However, it was 200 ng/ml for patients beyond the Milan criteria (TP = 70.5 %, FP = 9.8 %) and the UCSF criteria (TP = 58.1 %, FP = 12.5 %) (Fig. 2) .
Recurrence-free survivals at 1, 3, and 5 years after LT were 93.9, 83.6, and 76.8 %, respectively, for the entire study cohort. There was no difference with respect to the 5-year recurrence-free survival between patients within the Milan criteria and those beyond them but with AFP [200 ng/ml (88.8 vs. 75.5 %; p = 0.201) (Fig. 3a) . Patients within the UCSF criteria and AFP \100 ng/ml exhibited superior recurrence-free survival at 5 years (100 %) compared to patients within these criteria but with AFP [100 ng/ml) (69.0 %) or beyond these criteria and AFP \200 ng/ml (64.3 %; p = 0.005) (Fig. 3b) . Similarly, the 5-year recurrence-free survival of patients within the Up-to-7 criteria and AFP \100 ng/ml (100 %) was superior to the corresponding rates in patients within and beyond these criteria and AFP [100 ng/ml (71.9 %) or \100 ng/ml (47.8 %), respectively (p = 0.001) (Fig. 3c) .
Discussion
The Milan criteria are consistently being criticized for being too restrictive [7, 8, 21, 22] . In fact, it has been shown in several studies that the use of expanded criteria, such as the UCSF or Up-to-7 proposals, might provide results comparable to those provided by the use of Milan criteria [7, 8, 23, 24] . At the same time, large-scale national-level studies indicate that HCC is associated with inferior posttransplant outcomes compared to other indications [9, 10] . In fact, the ''Metroticket'' concept of the authors of Up-to-7 criteria illustrates that expansion of the limits for morphologic tumor features during selection to undergo LT would further alter the posttransplant outcomes [8] . Moreover, the number of LTs performed for HCC has rapidly increased over the last several years [10] .
With the limited pool of deceased donors, this situation might be harmful to patients with other indications for LT because it prolongs their waiting time, resulting in increased deaths while still on the waiting list. Under these circumstances, the HCC Consensus Group stated that the outcomes after LT for HCC and other indications should be comparable [11] . Thus, the optimal selection criteria should ideally bring the risk of posttransplant tumor recurrence to zero. The results of this study that support the rationale for including AFP in the existing criteria are in line with the findings in previous reports. Notably, both AFP and the size of the largest tumor were independent predictors of tumor recurrence, whereas the number of tumors did not reach the level of significance after adjusting for the impact of the AFP level. However, as the nature of this study was retrospective, such observation clearly does not preclude the importance of the number of tumors during the qualification of patients with HCC for transplantation due to the potential of selection bias. Accordingly, the existing and already popular selection criteria were used to determine the optimal AFP cutoffs subsequently used to develop a strategy for their modification. Analysis of the spline curves revealed linearity of the associations between AFP and the risk of HCC recurrence. Hence, these cutoffs were based on prediction curves derived from Kaplan-Meier recurrence-free survival estimates.
The major finding of the present study is that the estimated rate of tumor recurrence at 5 years was 0 % (corresponding to recurrence-free survival of 100 %) in patients with AFP levels \100 ng/ml and with a tumor burden within the limits of either the UCSF or Up-to-7 criteria. These results support selection of HCC patients with such characteristics for LT either as an addition to the Milan criteria or even their replacement. In both cases, prospective validation of the UCSF or Up-to-7 criteria modified with the 100 ng/ml AFP cutoff in an unselected cohort of HCC patients would be necessary to confirm the rationale for their clinical use. Nevertheless, the proposal for slight expansion of the Milan criteria only to patients with minimal risk of HCC tumor recurrence seems to be a reasonable alternative to expanding the selection criteria to include patients with moderate risk that is comparable to or slightly higher than that provided by the Milan criteria. Interestingly, recurrence-free survival of patients within the UCSF criteria and AFP levels over the estimated cutoff was similar to those beyond them but with AFP levels \200 ng/ml. In contrast, patients beyond the Up-to-7 criteria and AFP \100 ng/ml exhibited a markedly higher recurrence rate than patients within the Up-to-7 criteria but with AFP [100 ng/ml. Most importantly, tumor recurrences were observed in a remarkable proportion of patients from each of these subgroups. Considering the principle of minimizing the risk of tumor recurrence to achieve outcomes comparable to those seen with other indications, selection of these patients for LT is highly controversial.
Several selection criteria utilizing AFP have been proposed to date, such as the Hangzhou criteria, Seoul criteria, and total tumor volume/AFP (TTV/AFP) criteria. Seoul criteria were defined as the size of the largest tumor B5 cm and AFP \400 ng/ml regardless of the number of tumors [25] . The authors of the Hangzhou criteria proposed an identical cutoff. They stated that all patients who had well or moderately differentiated tumors and AFP \400 ng/ml might be considered eligible for LT [26] . However, according to the present study, a cutoff for AFP of 400 ng/ml would lead to a marked increase in the recurrence rate, even in patients who were within the UCSF or Up-to-7 criteria, which are clearly were more restrictive with respect to morphological features than the Seoul or Hangzhou proposals. Conversely, TTV/AFP criteria (TTV \ 115 cm 3 ? AFP \400 ng/ml) were associated with superior survival rates in the original study [27] and very low recurrence rate at 5 years in their recent retrospective validation study at the same institution as the authors of the current study [28] . However, as both studies were retrospective and the morphologic limits quite liberal, the results might have been subject to selection bias. Moreover, their fulfillment still did not eliminate the problem of HCC recurrence.
Duvoux et al. [29] also evaluated the concept of combining AFP with morphologic features of the tumor. Based on the AFP levels, tumor size, and number of tumor nodules, the authors of that highly relevant report introduced a predictive model for tumor recurrence that is superior to the Milan criteria for categorizing patients into low-and high-risk groups. In contrast to this interesting proposal of absolute replacement of the Milan criteria with a new risk index, the results of the present study point toward the potential of slight expansion of the former without a negative impact on the risk of recurrence.
In a study based on 92 patients after LT for HCC, Yaprak et al. [30] found that those at low-and high-risk of tumor recurrence can be distinguished based on their AFP level. However, there are several differences between their study and the present study. First, the cutoffs for AFP utilized by Yaprak et al. were arbitrary and hence identical for patients within and beyond the Milan criteria. Notably, the results of the present study indicate that the optimal cutoffs may substantially differ between patients within and beyond Fig. 3 Recurrence-free survivals. a Patients within the Milan criteria (dashed line) and beyond the Milan criteria (solid line) with AFP \200 ng/ml. b Patients within UCSF criteria with AFP \100 ng/ml (dashed line) and [100 ng/ml (dashed-dotted line) and beyond the UCSF criteria with AFP \200 ng/ml (solid line). c Patients within Up-to-7 criteria with AFP \100 ng/ml (dashed line) and [100 ng/ml (dashed-dotted line) and beyond Up-to-7 criteria (solid line) with AFP \100 ng/ml. Survival curves are presented with 95 % confidence intervals particular selection criteria, which seems natural given the correlation between AFP and tumor size. Moreover, the results obtained in the present study highlight the linear nature of the association between AFP and the risk of recurrence, which may prove useful in clinical practice regardless of whether the suggested expansion of selection criteria is adopted. Finally, the results not only confirm the prognostic role of AFP in LT for HCC. They provide additional data to support the rationale for safe utilization of the expanded criteria when limited by the AFP level.
Finally, some authors have suggested that a pretransplant AFP slope is superior to single absolute values [31] . According to a study by Dumitra et al. [32] based on the data of 92 HCC liver transplant recipients, a rising AFP slope was strongly associated with tumor recurrence. However, the positive predictive value of the rising AFP slope was only 25.0 % in that study. On the other hand, results of a large study including 6,817 patients by Merani et al. [33] indicated that the last preoperative AFP level is what matters the most, as patients with stable high AFP and those with originally low but increasing AFP have similar prognoses.
Notably, the usefulness of AFP as an important risk factor for postoperative outcomes was also previously confirmed for patients with HCCs in a noncirrhotic setting. Specifically, Witjes et al. [34] analyzed the data from 94 patients with HCC in noncirrhotic livers and found that AFP and the presence of microvascular invasion were the only independent risk factors for tumor recurrence. Although such patients are not currently considered suitable for LT, these results indicate that AFP should also be taken into consideration when establishing selection criteria for LT in future studies.
Among other potential markers for HCC aggressiveness in a liver transplant setting, des-c-carboxyprothrombin (DCP) is the one most frequently studied. The results of other studies comparing AFP and DCP as predictors of poor outcomes are contradictory. Hence, there is no clear evidence for superiority of one over another [35, 36] . Unfortunately, pretransplant DCP was not assessed in patients included in the present study.
Conclusion
Given the minimal risk of posttransplant recurrence, patients who are within Up-to-7 or UCSF criteria should be considered eligible for LT provided the AFP level is \100 ng/ml.
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